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SUMMARY

A flightinvestigationwasmadeona

AIRPLANE

c. Shufflebarger

twin-enginetransportairplane
to determtiethestrainsassociatedwiththedynamicbehaviorofthe
wingduringflightsthroughroughair. Flightsweremadeinclear-air
turbulencefordifferentwingfuelloadsandfortwospeedconditions
ataltitudesbetween3,000and4,000.feet. Slowpull-upsweremadein
smoothairto obtatidatafora referencequasi-staticcondition.
Slmul.taneousmeasurementsweremadeofnodal-pointaccelerationandof
wingstrainsata numberofspanwise stations.

Thebendingstrdinsperunitnormalaccelerationingustswere
approximately20percenthigherthanthoseinslowpull-upsforall
measuringpositionsandflightconditionsofthetests.Thedynamic
componentofthewtigbendingstrainsappearedtobe dueprimarilyto
excitationofthefundamentalwtigbendtigmode. Thedataonspar
webstrainexhibiteda ratherlargeamountofstatter,andtheesti-
matedwebstrainamplificationsforgustsrelativetopull-upcondi-
tionsvariedconsiderablywithmeasuringstation.

111’PRODUCTION

Althoughthetreatmentof gum5loadsonairplaneshasusually
beenmadeonthebaaisthattheairplaneisrigid,thedynamicresponse
ofairplanewingsdueto gustshaabeenof concernsinceearlygust-
loadstudies(seereference1). Higherspeeds,thtierwings,larger
proportionsofthetotalmms carriedinthewings,andso forthhave
ledto increasedconcernastotheeffectsofwtigflexibilityfor
postwarairplanesinflightsthroughgusts.Althougha numberof
tivestigationsofthestructur+dynamicresponsehavebeenmade
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(seelistofreferencesinreference2),tiost alltheinvestigations
to datehavebeeneitherinregardto thedevelopmentofanalytical
methodsforcalculatingstficturalresponsesofairplanesingustsor
inmakingtrendstudies.W orderto evaluatethesevariousmethods
ofpredictingstructuraldynamicresponseandto establishthemagnitude
of structuraldynamic-responseeffectsappropriatetopresent-day
airpknesinactualoperations,rough-airflightdataareneeded.

In ordertohelpassesstheeffectofwingflexibilityOriacceler-
ationsandwingstrains,a flighttivestigationwasmadeona modern
twin-enginetransportairplane.Accelerationandstrainmeasurements
weremadeata numberof spanwisestationsduringflightsthroughclear-
airturbulence.Stiilarmeasurementsweremadeduringslowpull-upsin
smoothairto obtaindatafora quasi-staticreferencecondition.The
partoftheinvestigationdealingwiththeeffectsof structuralresponse
onaccelerationmeasurementsisreportedinreference3. Thepresent
papercontainsresultspertinenttothestratimeasurements.Amplifi-
cationfactorsof strainforgustconditiomrelativeto a quasi-static
referenceconditionaregiven.Theseamplificationfactorsarefoundby
comparingthestrainsthatareobta3nedperunitnormalaccelerationof
theairplaneinguststothestrainsobtainedperunitaccelerationin
a pull-upcondition.

TheflightinvestigationwasmadeinthevicinityofBaltimorejMd.,
inthespringof1949in cooperationwiththeGlennL.MartinCo. The
flightsandinstrumentationoftheairplanewereunderthedirectionof
theNACAandanNACAcontractcoveredtheflighttimeontheairplane.
TheU.S.WeatherBureauassistedintheselectionof suitableflight
daysby furnishingdailyturbulenceforecasts.

APPARATUSANDTESTs

Thecharacteristicsofthetestairplane,a moderntwin-engtie
transport,aregivenintableI(a)anda three-viewdrawingisshownas
figure1. Thesectionmomentof tiertiaandtheestimatedwing-weight
distributionsfortheconditionsofthetestsareshowninfigure2.
Allthefuelloadiscsrriedinwingfueltanksoutboardoftheengine
nacelles.

Resistance-wirestraingagesconnectedas fouractivegagesina
bridgecircuitwereinstalledonthewingsparsatthespanwisestations
showninfigure3. At eachstationstrati-gagebridgesformeasurtig
thestrainduetobendtigmomentandshearweremountedoneachsparas
il.lustratedbythesketchofa typicalinstallationalsoshowninfig-
ure3. Thestrain-gagebridgesformeasuringbendingmomentconsisted
of gageswhichweremountedononesideoftheupperandlowerwing-spar

... .
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flangeswiththegagesparalleltotheflange
stratimeasurementsthatwouldbe principally

andwereusedto obtain
a functionof section

bendingmoment.Thestrati-gagebridgesformeasuringshearconsisted
ofgageswhichweremountedon onesideofthesparwebinan
X-arrangementandwereusedto obtainstrainmeasurementsthatwould
be a functionofwebshear(mountingofthegagesonbothsidesofthe
sparwebwasnotfeasibleforthesetests).Thestratiindications
wererecordedby a multichanneloscillograph.Calibratingloadswere
appliedtothewingata numberof spanwiseandchordwisepositions
andtheresultsshowedthatthestrainindicationswerea linearfunction
of loadforallloadingpositions.These,calibratingloadscovered
incrementsof loadcorrespondingto thoseexpectedintheflighttests.

Accelerationsweremeasuredat a numberofspanwisestationsas
tidicatedinreference3, butonlytheaccelerationsmeasurednearthe
elasticaxisat station159,-whichistheesthatednodalpointofthe
fundamentalbendingmode,areusedinthispaper.A standardNACA
airspeed-altituderecorderwasusedto obtatia recordof airspeedand

.
altitude. AllrecordswerecorrelatedbymeansofanNACA~-second

chronometrictimer.

Thetestsconsistedof flightsthroughclearroughairovera
courseSOmilesh length.Theflightconditionsofthethreerough-
airrunsreportedheretianddesignatedasrunsA, B, andC aregiven
intableI(b)andarethesameasthosegiveninreference3. The
differentweightconditionsweredueentirelytovariationinwingfuel
load.RunsA andB weremadeata speedof 250milesFerhourwitha
differenceh weightofapproximately2,000pounds(1,000lbperwing)
whichrepresentsabouttwo-thirdsthefuel-weightchangeexperiencedin
normaltransportoperationsofairplanesofthismodel.RunsA andC were
consecutiverunsat 250and150milesperhour,respectively.The
slowpull-upsmadeto obtaindataforuseasa quasi-staticreference
weremadeimmediatelybeforeandaftertherough-airrunsatthetest
speedsoftherunsandathigheraltitudeswheresmooth-airconditions
werefound.Interpolationwasusedto obtainreferencestratisatthe
weightconditionsoftheflightsthroughgusts.

PRECISION

Theinstrumentationandthecharacteroftherecordsweresuch
thattheindividualincrementalstrainmeasurementswereesthatedto
be accuratewithin*25microfichesperinch,andtheindividualacceler-
ationincrements,within*0.10g.Thestrainmeasurementsh pull-ups
andtheresultsofthelaboratoryloadcalibrationswerelinearwith

——— .—
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loadwithintheaccuracyofthemeasurements(itwasnotknownwhether
webbucklingtookplaceandaffectedthemeasurementstakenonthespar
web).

RESULTS

Illustrative’t3mehistoriesof incrementalstrainsandnodal- “
pointaccelerationsareshownfora pull-upanda portionofa gust
recordinfiguresl(a)and4(b).AswaEdoneinreference3, th’e
averagenodal-pointaccelerationincrements(witheffectsofhigher
modesfairedifpresent)aretakento representtheairplaneacceler-
ations.ForeachofrunsA, B, andC,peakincrementalstraw md
associatedmaximumnodal-pointaccelerationincrementsfora number
of gustsencounteredwereselectedasrepresentativeofthedata. In
figure5 themeansforobtatitigthereferencestrainsfromthepull-up
datais illustrated.Thestrainperg as evaluatedfromthepull-up
dataisgivenforthreewtigstationsonthefrontsparfortheweight
conditionsatpull-m. Linearinterpolationofthesedataforthe
weightconditionsofthethreerunsA, B, andC thengivesthedesired
referencestrainsasa strainperg. Strainsat othervaluesofaccele-
rationfollowby CLlrectproportion.

Theusualassmptionindesign- thattheloadsarequasi-static
withno distinctionmadebetweenthedistribtiionof loaddueto a gust
ordw to a maneuver- leadsto an implicitassumptionthatforpull-up
andgustconditionstheratiooftheincrementalstressesdevelopedin
thefrontandrearsparsisthesame. Inspectionof figureit(b),
however,indicatesthatforflightthroughguststhepeakwebstrains
donotingeneraloccuratthesamethe forthefrontandrearspars.
It isapparentthereforethattheassmedrelationdoesnotholdfor
thespar-webstrainsforflightsthroughgusts.To checkthevalidity
oftheassmptionforthespar-flangestramy theticrementalstrati
tidicationsforthefrontsparwereplottedagainsttheindicationsfor
therearspar’foreachofthespanwisestationsforbothpull-upand
gustconditionsasshowninfigure6(a)forrunA. Althoughtheweb
strainsforthefrontandreazsparsdonothavea uniquerelationin
gusts,a comparisonoftheratioofthepeakwebstrainsassociated
withgustsandpull-upsismadeinfigure6(b).Thepeakwebstrain
judgedtobe associatedwitha gustwasselectedforevaluationas,
forexsmple,thepointsmarked(a)infi~e J(b)werejudgedtobe
associatedwiththegustaccelerationpeakmarkedby(A).Thestrati
relationforpull-upsinfigures6(a)and6(b)isshownasa single
linesinceitwasobtatiedby titerpolation.
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shownas
incrementalbendingstrainonthefrontspar(sparflange)is
a functionofnodal-pointaccelerationincrementinfigure7

forrunA andfortheconditionapplyinginpull-ups(frominterpolated
resultsas infig.5);thecorrespondingdataforwebstrainsareshown
infigure8. Withtheexceptionthatthedataofthelow-speedrun(C)
covera smallerrangeofaccelerationvalues,thedataforrunsB andC
weresimilartothosefound.forrunA andhencearenotshown.The
dashedlinesinfigures7 and8 representtheestimatedmeanvariatiori
ofthegustdata;theselinesarethroughtheoriginanda pointwhich
isestablishedastheaverageabsolutevalueofboththeordinateand
abscissaofthedata. ,

Theslopesofthelinesinfigures7 and8 area measureofthe
strainsperg. Theratiooftheslopeofthelinerepresentingthe
estimatedvariationforguststotheslopeofthelinerepresenting
pull-upscanthenbe consideredtobe a strainor stressamplification
factor.Thestrainsperg forbothgustandpull-upconditionsandthe
amplificationfactorsaregivenh tableII;thedatathereininclude
both-thebendingstrainandwebstrainperg foreachofthemeasuring
stationsontheleftwingforrunsA, B, andC. Theestimatedaccuracies
ofthesevaluesforiunsA andB are-givenh thefollowingtable:

Gusts Pull-ups Strainamplification
Station (percent) (percent) factor

sparflange

85 *6 ~3 *001
159 % *3 *.1
354 *8 * *.1

Sparweb

85 tls qo *().7
159 *15 *10 *.5
354 +- *5 *.1

TheloweraccelerationvaluesofrunC wouldleadto somewhat
lessaccuracythanshownintheprevioustable.

.
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Basisofanalysisofdata.- Forflightsthroughgusts,thedeter-
minationofthestressincrementassociatedwith-wingflexibility
requireslmowledgeofthestressesdevelopedaswellu ofwhatthe
stresseswouldbe ifthewingwereconsideredrigid.Sincedirect
determinationofthestressesforthehypotheticalrigid-wingcondition
ofcourseisnotfeasible,recourseismadeto strain-gagemeasurements
inslowpull-ups.Thesepull-upsareregardedas a simulatedrigid-wing
conditionandthestrainsforthisconditionareusedasreference
values.Thestrainamplificationfactorobtainedwhenpull-upsare
usedasthereferencecondition,huwever, notonlyincludesstructural.
dynamicresponsebutothereffectsaswell,suchasthosedueto
variationsinspanwisegustdistributions.Thespanwise-gustdataof
reference4 indicatethatthelateralcenterofpressuremaybe inboard
ofthatexpectedfora uniformgustorthatobtatiedina pull-up,with
theconsequencethatthestrainsobtainedperg ina pull-upmightbe
slightlyhigherthanthosethatwouldbe obtainedfora rigidwingin
gusts. Thestrainamplificationfactorreferredto theslowpull-up
mightthereforebe somewhatlowas comparedwithcalculations.

Analysisofthedataonthebasisofgust-gradientdistanceor
the topeakaccelerationwouldbe desirableforcorrelationwith
calculationbutwasnotfeasiblesincetheflightdatawereforcontinuous
rough-airconditions.UnknowneffectsduetopreviousgustsaswelJas
effectsduetovariationsinspanwisegustvelocityareincludedinthe
evaluationofthedataandmaybe expectedto introducescatter.It
shouldalsobe notedthattheamountof scattershouldbe influencedby
unsymmetrical-gusteffects.

Bendingstrains.-Examdnationofthetimehistoriesofthebending-
strainincrementandnodal-pointaccelerationincrementforslowpull-
UPS(fig.4(a))showsa smoothvariationofthehistorieswithno
evidenceofvibratoryeffects.

Thetimehistoriesforaportionofthegustrecord(fig.4(b))
showa principaloscillatorymotionwhichcanbe attributedtothewing
fundamentalbendingmode. A furtherinspectionoftherecordindicated
thattheseoscillations,withfewexceptions,wereinphaseonthe
frontandrearsparsandat correspondingstationsontheleftand
rightwings.Insomeportionsoftherecordssignificantvibratory
strainswerefoundintheabsenceofanyperceptiblenodal-point
acceleration.

Therelationshipbetweenthefront-andrear-sparbendingstrains
forpull-upsandgustconditionsshowninfigure6(a)showsthatthe

—
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samerelationholds
responseeffectson

( 7

forbothpull-upsandgusts.Thestructuraldynamic-
bendingstratisata givenspanwisestation,there-

fore,willbe thesameforthefrontandrearsparforthisairplane.

Althoughappreciablescatterof individualpointsinthefront-spar
bendtig-stratidataforgustsinfigure7 isevident,thetrendofthe
dataisroughlylinesr.Thebendingstrahsingusts,shownh this
figurearegeater,ontheaverage,thaninslowpull-upsforthesame
nodal-pointaccelerationincrement.Considerationoftheaveragebending
strainperg forgustsrelativetopull-ups(seetableII)indicates
thatthebendingstrainis,ontheaverage,approximately20percent
higherforthegustdatathanfortheslowpull-upsforallthetest
conditionsandwingstationsconsidered.Whenscatterisconsidered,
andifthedataforthelowvaluesofaccelerationarediscounted,it
wouldappearthatstratiamplificationfactorsforindividualgustsmay
rangefromlessthan1.0to greaterthan1.4. Inasmuchasthegust
conditionsforrunsA, B, andC coveredby thedataintableIIwould
be expectedtobe approximatelythesame,itwouldappearthatthe
structuralresponseingustswaslittleaffectedby eitherthechange
inwtigweight(1,000lbperwing)dueto fuelloadorby a changein
forwardspeedfrom150to 250milesperhourwitha smallerwing-weight
change(400lbperwtig).

Shearindications.-Timehistoriesofthestrainsassociatedwith
shearandnodal-pointaccelerationh slowpull-ups(fig.k(a))show
thatthestrainsincreasepositivelywithnodal-pointacceleration
exceptforthefrontsparat station85. Therecordedstrainsinpull-
upsarequitesmoothwithno evidenceofvibratorystratiamplitudes.

Thetimehistoriesofstratiassociatedwithshearfortheflights
h roughair(seefig.k(b))haveanentirelydifferentcharacterfrom
thoseforbendingstrainsbecauseoflargevibratorystrahs,except
possiblyforstation354. At station85,thevibratorystrainsofthe
frontsndrearsparsareof oppositesign;thisrelationalsoheldin
thepull-ups.Thereareindications,however,thatthevibratorystrains
oftheleftwingareoutofphasewiththoseoftherightwtig. In
contrasttothedataforthepull-up,thestrainsinthefrontandrear
sparsatstation159appeartobe ofoppositesigntiroughair. At
station354,thefront-sparstrains(inthiscasetheshearwebofthe
heatde-icerbulkhead)showlittleorno vibratorystrainwhilethe
rear-sparwebindicatesgreatereffectsofvibration.Comparisonof
thestrainvibrationfrequencieswiththefundamentalmodefrequency
tidicatesthattheyareaboutthesame. Onthebasisoftheseobserva-
tions,althoughno reasoncanbe assignedfortheparticularvibratory
characteroftherecords,itappearsthatnodal-pointaccelerationwould
bearno obviousrelationtotheweb-strainvalues.

. -. ..——- .-——— . .
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~ figure6(~) themaximumfront-andrear-sparshearindications
judgedtobe associatedwithgustsandpull-upsarecompared.In
contrasttothescatterinthedataonbentigstrains,thesheardata
showmuchgreaterscatter,thescatterbeinggreatestatstation85.
Thedatashownindicatethattherelationshipofthepeakwebstrains
betweensparsisnotthesameforpull-upsandgusts.

Thepeakwebstrainsdevelopedingustsandpull-upsat given
valuesofnodal-pointaccelerationarecomparedinfigure8. The
trendofthedataforgustconditionsisapjjarentlyroughlylinear,
andthestrainsare&geater,ontheaverage,thaninslowpull-upsfor
thesamenodal-pointaccelerationincrement.Considerationofthe
averagestrainperg associatedwithshearforgustsrelativetopull-
UPS(seetableII)tidicatesthattheamplification,factorrangesfrom
a maximumof3.0attheinboardstationsto a tiimm of1.1at
station354. No effectofspeedorweightisevidentfromthedata.

Consideringthelackofanyobviousrelationbetweennodal-point
accelerationandwebstrati(seefig.4(b)),generalizationoftheweb-
stratidataisnotbelievedwarranted.

CONCLUSIONS

Theresultsof strainmeamrementson
airplaneh roughairandinslowpull-ups
tested:

.—

a twin-engine
indicatethat

1.Thebendhgstrainsperunitnormalacceleration

transport
fortheairplane

h gustswere
approximately20percenthigherthanthoseinslowpull-upsforall
measuringpositionsandflightconditionsofthetests.

2.Thedynamiccomponentofthewingbendingstrainsappearedto
be dueprimarilytoexcitationofth$fundamentalwingbendingmode.

3. Thebendingstrainsinthefrontandrearsparsateachspanwise
meaaurfigstationshowedthesamerelationto eachotheringustsand
h slowpull-ups.

4.Thedataonspm shearstrainsshowedwidescatter,andthe
estimatedshearstrainamplificationsforgustsrelativetopull-ups
differedwidelywithmeasuringstation.
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5. Theprimsx’ycomponentofthewebstrah forthegust
conditionswasvibratoryand,althoughitappearedtobe atthe
fundamentalwingfrequency,wasofanantisymnetricalnaturewith
respecttotheairplanecenterline.

6. NO significantvariationofstructuraldynamicresponsewith
therangeofspeedandweightconditionscoveredby thetestswas
evidentfromtheresults.

LangleyAeronatiicalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyMeld,Va.jMay2, 1951
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TABLEI

CHARACTERISTICSANDFLIGETCONDITIONSOFTESTAIRPLANE

(a)Characteristics

Span,feet. . . . . . . . . . . . . . . . . . . . . . . . . ...93.3
Meanaerodynamicchord,feet. . . . . . . . . . . . . . . . ...10.1
Wtigarea,squarefeet.. . . . . . . .. 00 . . . . . . . . . . 870
Aspectratio. . . . . . . . . .OO . . .. O.. . . ..O . ...10
Center-of-gravitypositionintests,percentM.A.C. . . . . . . . . 22
Fundamentalwingfrequency,(GlennL.Martinground-vibration
tests,W= 25,600lb),cyclespersecond. . . . . . . . . . . . 3.8

Estimatedfundamentalwingfrequencyinflightfo~test
conditions,cyclespersecond. . . . . . . . . . . . . . . . . 3.7

(b)Flightconditionsforrough-ahruns

f

Average~oss weight Speed Altitude
(lb) (mph) (ft)

A 33,650 250 3,000to4,000

B 31,550 250 3,000to 4,000

c 32,850 150 3,000to 4,000

-— .—. —— ————
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AMPLIFICATIONFOROmI’2RKLATIVEToPLULUP6

1
titrdnind.lcatlonperg Simain .9mpMficationfactor

1 (micrOin./itl./g) (wt/pull-q)
I station

Chmta Pull-up
RmA RunB RtmC

RunA RmB RLmc RtmA RunB Rune

(a)2Parflnrqe(b- strains)

Frontspar

5 g’ %5 361 455 475 4&2 1.28 1.24 l.a
159 679

I
m

%
m 565 l.a L 16 1.19

354 292 302 257 248 252 1.lk- 1.19 1.a

Rem a~

85 555 530
15

1.2k

3$ E % K s E 2 iE N ::

(b)& web (Bhmrstmlm)

FrontBpm

@ 236 =9 224 78 & a
260

3.0 2.8 2.8
159 267 al 107 lq lq 2.4 2.5 2.0
374 282 270 272 290 238 246 1.1 1.1 1.1

Rem iqar

I 53 lkg 158 1~ 5$ 107 102 1,5 1,5 1.7
159 162 175 WI 2.0 1.9 1.6
3* 419 4-64 403 99 J% J? 1.2 1.4
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function Of nodal-paint accelerati~ i.ncmnt for gust and pull-up
conditions. Run A.


